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1. Introduction 
Communication is one of the basic principles in nature. Communication is necessary 
to find a mate, to maintain a territory and to grow offspring. In a wider sense communication 
also includes predation or escape from being eaten by predators. Some species, like barn owls, 
prey by virtue of their auditory system. Therefore, efficient auditory detection and localization 
is crucial for survival of the barn owls. Detection and localization usually take place in a noisy 
environment. Humans also have to cope with the same problem to communicate in noisy 
environments. Signal detection in the auditory system in background noise has been 
extensively studied psychophysically (see Brauert, 1997) but only few neurophysiological 
studies have been carried out so far (Caird et al., 1991; McAlpine et al, 1996; Jiang et al., 
1997 a, b; Palmer et al., 1999; Palmer et al., 2000).  
In this study the main interest lies in the neuronal mechanisms underlying signal 
detection and its relation to localization in noisy environments. The barn owl is an auditory 
specialist with a well known auditory pathway and has been used as a model system in 
auditory research for a long time. In the following, first I introduce detection and localization 
from psychophysical and physiological points of views, and then I explain the structure and 
function of the owl auditory system. At the end I give an overview of the aims and 
organization of the thesis. 
 
1.1. Measures of localization and detection 
Sound localization relays on both monaural and binaural information, the subtle 
differences between the sound waveforms arriving at the two ears. In mammals and humans 
azimuth, the horizontal component of auditory space, is represented by interaural time 
difference (ITD) of the carrier of the signal in low frequency range, and by interaural level 
difference (ILD) and the ITD of the envelope of the signal in the high frequency range. 
 2
Elevation, the vertical component, is represented by both monaural and binaural spectral cues 
(Blauert, 1997).  
Detection is another task in the auditory system and is prerequisite of localization. 
Precise localization happens above detection threshold (Sabin et al, 2005). Especially in noisy 
environments acoustic stimuli are detected more efficiently using their spatial attributes (e.g. 
ITD). Binaural information is used to extract signals from the background noise. For example, 
it is much easier to understand a lecturer in a large hall in real life than to understand what he 
said from a recording of his voice taken from the lecture. The ability to discriminate sounds in 
a complex acoustic environment based on the sound source spatial attributes, has been termed 
“Cocktail Party Effect” (CPE, Cherry, 1953). In some hearing disorders which reduce CPE, 
patients have communication problems in noisy environments (Blaettner et al., 1989). CPE 
depends on binaural hearing: with one ear plugged, all people have difficulties in 
conversations in noisy environments (Blauert, 1997). 
A standard procedure for studying the importance of spatial attributes of acoustic 
stimuli in detection is to investigate the masking of a tone by a noise and determine the signal-
to-noise ratio at which the signal can be detected in different binaural relation of signal and 
masker. A few years before Cherry (1953) coined the term cocktail party effect, Licklider 
(1948) and Hirsh (1948) showed that detection of an in-phase tone in an in-phase noise 
improves simply by inverting the tone in one ear. This phenomenon was called Binaural 
Masking Level Difference (BMLD) (Hirch, 1948; Licklider, 1948). Afterwards, intensive 
psychophysical studies have uncovered the properties of BMLD. BMLD depends on factors 
such as phase relationship between signal and masker, masker level, masker bandwidth, signal 
frequency and interaural correlation of masker. The magnitude of BMLD is different for 
different interaural relationships between masker and signal. A 180° phase shift of the signal 
produces a BMLD of about 12-15 dB, while inverting phase of the masker leads to 9-12 dB 
unmasking. Detection of a monaural signal in monaural noise at the same ear improves 12-15 
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dB by adding a similar noise to the other ear. BMLD also depends on signal frequency and is 
limited to frequencies below 2 kHz in humans (Blauert, 1997). The ability of auditory nerve 
to represent temporal characteristics of auditory stimuli is termed phase locking. In mammals 
phase locking is restricted to the same frequency range that binaural unmasking has been 
observed. Masker bandwidth also affects the BMLD and increasing the masker bandwidth 
leads to decrease in masking release (Van Der Heijden and Trahiotis, 1997; Van Der Paar and 
Kohlrausch, 1999). It is generally accepted that BMLD depends on changes in binaural 
correlation. Adding an uncorrelated noise to a correlated or anti-correlated noise leads to 
different levels of binaural correlation in the masker, varying between –1 and +1. Binaural 
unmasking is strongly dependent on binaural correlation and diminishes by a decrease in 
binaural correlation (Blauert, 1997).  
The hierarchy of detection and localization in the auditory system has been addressed 
in some psychophysical studies. Many studies have shown that detection is a narrowband 
phenomenon and is the result of cross correlation within each frequency band (Summerfield 
and Culling, 1995) while across frequency integration after cross correlation is necessary for 
precise localization (Saberi et al., 1999).  
 
1.2. Neurophysiological studies on BMLD 
The dependence of the BMLD on the interaural phase relationships of both signal and 
masker, and the observation that the magnitude of the BMLD is greatest at low frequencies, 
guided the scientists to search for the neural basis of binaural unmasking in neurons sensitive 
to interaural delay. In mammals the delay sensitivity of low-frequency neurons is established 
by a coincidence detection mechanism at the level of the medial superior olive (MSO: see Yin 
and Chan, 1990). However, since it is notoriously difficult to record in this nucleus most of 
our knowledge of delay sensitivity derives from the inferior colliculus. The majority of low 
best-frequency (BF) neurons in the IC are sensitive to interaural time and phase disparities of 
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pure tones (Kuwada and Yin, 1983; Yin et al., 1986, 1987; Palmer et al., 1990). The discharge 
rates of these neurons vary as a function of the interaural time- or phase-disparity of the 
sounds at each ear. For tonal signals, the discharge rate as a function of the interaural delay is 
periodic, with a period equal to that of the stimulus. Noise stimuli can also evoke cyclic 
discharge rate as a function of interaural delay with a period equal to the unit’s BF (Yin et al., 
1986; Palmer et al., 1990). Few studies have investigated the physiological basis of the 
BMLD within delay-sensitive neurons. Using stimulus configurations identical to those most 
commonly used to study the psychophysics of binaural unmasking, Langford (1984) observed 
in the MSO of the chinchilla that the addition of an anti-phase signal to a homo-phase noise 
produced a reduction in the discharge rate of single neurons. Caird et al. (1991) measured 
detection threshold of a best frequency tone at best delay as a function of the interaural delay 
of a continuous masking noise. The noise level required to mask the signal response was, on 
average, 6.8 dB greater when noise was presented at its worst delay than when it was 
presented at the noise best delay. A similar study by McAlpine et. al. (1996) showed BMLDs 
to be consistent with the delay sensitivities of the neurons to the signal and masker, the major 
determinant of the masked threshold for optimized signals being the activity evoked in the 
neurons by the masking noise. They also showed that neurons with best frequency similar to 
the signal have lowest signal to noise ratio at the detection threshold of the signal. Later on 
Jiang et. al. (1997) measured masking rate-level-functions of neurons to a diotic tone in a 
diotic noise and compared it to a condition with a dichotic tone in a diotic noise. They found a 
mean BMLD, comparable to psychophysical observations.  
 
1.3. The owl’s auditory system 
In the barn owl, evolution of anatomical and physiological features like wings 
structure, facial ruff asymmetry and specialized and enlarged neural structures provide an 
efficient substrate for precise localization as well as a suitable model for auditory studies at 
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ethological, neuropsychological, computational and cellular levels. Early studies showed that 
the barn owl relays on its auditory system to prey (Payne, 1971). 
In the barn owl ITD and ILD are the main cues for sound localization in azimuth and 
elevation, respectively (Moiseff, 1989; Poganiatz et al., 2001). The owl uses frequencies over 
most of the hearing range to compute binaural information for azimuthal sound localization, 
while mammals use frequencies below 2 kHz (Knudsen and Konishi, 1979; McAlpine et al., 
2001). Physiological studies show that in barn owl phase locking happens at high frequencies 
up to 9 kHz (Koeppl, 1997). In the owl, time and level are processed in separate and parallel 
pathways (Takahashi et al., 1984) (Fig. 1). Narrowband neurons of nucleus laminaris (NL) are 
the first binaural station for time processing which receive monaural inputs from nucleus 
magnocellularis (NM) and provides a neural substrate for coincidence detection. In each 
frequency channel, projections from NM from both sides to NL serve as delay lines and NL 
neurons work as coincidence detectors (Jeffress, 1948; Carr and Konishi, 1988). NL neurons 
are narrowly tuned to frequency and their ITD functions have a sinusoid shape. These neurons 
project to the core of the central nucleus of inferior colliculus (ICCc). The neurons in the 
ICCc are narrowly tuned to frequency, tuned to ITD in a cyclic manner, not tuned to ILDs, 
and can be activated by monaural stimulation from both the contralateral and ispilateral ears 
(e.g. Moiseff et al., 1983; Wagner et al., 2002). These neurons are also organized so that they 
form columns of neurons tuned to the same ITD, ITD arrays (Wagner et al., 1987). Similar to 
NL neurons, ICCc neurons respond to both tone and noise in a cyclic manner, but ICCc 
neurons are stronger ITD selective and their ITD functions are almost rectified (Christianson 
GB and Pena JL, 2006). The ICCc projects to the lateral shell of the ICC on the contralateral 
side (ICCls) (Takahashi et al., 1989). Neurons in the ICCls are still narrowly tuned to 
frequency, tuned to ITD in a cyclic manner, but are also tuned to ILD, are excited by 
stimulation from the contralateral ear, and are inhibited by stimulation from the ipsilateral ear 
(e.g. Takahashi et al., 1989; Adolphs, 1993; Wagner et al., 2002). Since ICC neurons are 
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                               Figure 1.1. Diagram of owl auditory localization system. Connections are  
shown only for one side. 
 
narrowly tuned to frequency and show multiple peaks in their ITD tuning they can not signal 
one specific location in the auditory space, in the other words, phase ambiguity exists. ICCls 
neurons from the same ITD array with different frequencies collectively project to neurons in 
ICX thus endowing these neurons with a wide frequency tuning and with the ability to exhibit 
only one response peak in the noise ITD tuning curve. However when stimulated with tones, 
the ICX neurons, like ICC neurons, show multiple peaks in their ITD tuning. The neurons in 
ICX show bell-shaped ILD tuning curves (e.g. Moiseff et al., 1983; Wagner et al., 1987; 
Mazer, 1998). These neurons, called space specific neurons, have a spatial receptive field 
limited in azimuth and elevation. Many of these neurons are systematically organized to form 
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a neural map of auditory space (Knudsen and Konishi, 1977) and lesions in the map disrupt 
sound localization (Wagner, 1993).  
 
1.4. The aims and organization of the thesis 
In mammals and humans phase locking is restricted to frequencies below 2 kHz. 
Consequently sound localization and BMLD which are dependent on the phase locking are 
restricted to low frequencies. In the barn owl phase locking is observed up to 9 kHz (Koeppl 
1997). In the first part of the study I show that correlates of BMLD are present in both low 
and high frequency neurons of the barn owl.  
There are considerable number of psychophysical studies and computational models 
that address the hierarchy of signal detection and propose that detection is a narrowband 
process while localization is a wideband process (Saberi et al., 1999; Culling and 
Summerfield, 1995). Culling and Summerfield (1995) showed that detection happened in 
narrow frequency bands before localization and is independent of across frequency 
integration. The distinct narrowband and wideband structure of barn owl’s auditory midbrain 
provides an excellent opportunity to test the hierarchy of detection and localization at 
neuronal level. The results of these investigations are presented in chapter 3.  
In psychophysics the inversion of tone or noise results in unmasking. I studied both 
masking scenarios. In one set of experiments I measured responses of IC neurons to masking 
scenarios with a phase shift in tone and analyzed the firing rate of neurons to the masking 
stimuli. This part of study is equivalent to standard BMLD scenarios in which inversion of 
tone improves detection threshold by 12-15 dB. The results are included in chapter 3.  
In another set of experiments I studied the effects of noise inversion on signal 
detection, equivalent to noise inversion in psychophysics (chapter 4).  
I also tested the effect of noise level on BMLDs produced by tone or noise inversion. 
The findings of this part show the effect of noise level on BMLD at the neural level 
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comparable to psychophysics. This also enabled me to test the contribution of tone and noise 
in driving neurons at different noise levels. These results are part of chapters 3 and 4. 
During the analysis I observed changes in spike pattern (especially spike latency) by 
changing the tone level in masking stimuli. In chapter 5 I analyzed the spike pattern to test if 
the spike timing is informative in coding auditory stimuli in IC.  
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2. Material and methods 
 
2.1 Animals and surgery 
I recorded the activity of single neurons and clusters of neurons (here termed single- or 
multi-units, respectively) in the auditory midbrain of 8 adult barn owls (Tyto alba). Animals 
were taken from breeding colony of Institute for Biology II at the RWTH Aachen. All animal 
care and experimental procedures were carried out under permission and control of German 
authorities and were in accordance with the respective NIH guidelines. Animals were 
anaesthetized using an initial dose of Ketamine (40 mg/kg i.m.) and Diazepam (1 mg/kg i.m.). 
Additional doses of Ketamine (10 mg/kg/h i.m.) and Diazepam (0.5 mg/kg/h i.m.) were 
supplemented for maintaining the anesthesia during an experiment. Atropine sulphate (0.05 
mg/kg i.p.) was injected at the beginning of the experiment to prevent bronchial secretions. 
Buprenorphine (0.03 mg/kg i.m.) was administered as an analgesic. I recorded from each owl 
more than once. After anesthetizing, the owl was put in a jacket and fixed in vertical position 
as it sits in normal life.  
I first implanted a head holder on the owl's skull. The owl head was fixed in a custom 
made stereotaxic instrument by earbars. Then the scalp was opened, the superficial tissue and 
spongy bone were removed, a “⊥” shape metal head holder was implanted and was fixed with 
dental cement. The head holder was 45° tilted downward in the frontal edge. This allowed us 
to penetrate vertically into the tectal lobe. For the actual experiment I fixed the head with the 
head holder into the stereotaxic instrument and removed a small piece of the bone above dura 
to uncover the brain. Metal tungsten electrodes (FHC, Bowdoin, ME, USA) with 5-15 ΜΩ 
impedance were lowered into the brain by a controllable stepper motor (ZSS.32.200, Phytron-
Elektronik, Gröbenzell, Germany) from outside the chamber. After each experiment, the dura 
mater was covered by a layer of vaseline and dental cement and the scalp was sutured.  
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2.2. Experimental setup 
 Experiments were conducted in an anechoic sound attenuating chamber (IAC 403A, 
Industrial Acoustics Company, Niederkruechten, Germany). I used a special hardware for the 
electrophysiological experiments (System 2, Tucker Davis Technology (TDT), Gainsville, 
FL, USA) which is composed of the following parts: 
a) AP2 card as the computational unit for synthesis and processing of stimuli 
and processing and recording of the neuronal responses, an interface 
between PC and the other parts of the set up. 
b) Light fibers to connect the AP2 card to TDT modules.  
c) XBUS is an interface to interconnect and orchestrate the TDT modules. 
Modules are hardware that are controlled by the PC via the AP2 card and 
perform a part of processing. The functions of the modules are explained in 
the following: 
• Digital/Analogue converter, converts digital signals that are synthesized on 
the AP2 card into analogue signals. 
• Filters, filter the signal above 20 kHz (below the half of sampling 
frequency). 
• Triggers, trigger a module for a determined period and in this way provide 
on time and orchestrated function of the set up. 
• Analogue/Digital converter converts the amplified potential from electrode 
tip into digital signal. 
d) Sound amplifier, amplifies the acoustical stimuli after D/A conversion and 
filtering. 
e) Earphones, present the acoustic stimuli to the owl ears. 
f) preamplifier, amplifies potential changes from the electrode tip 
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g) Electrophysiology amplifier amplifies the signal from electrode. The gain of 
this was controllable. 
h) Bandpass filter filters all parts of the amplified signal from electrode below 
300 Hz and above 5 kHz. This is provided by the amplifier and feeds the 
A/D converter. 
i) Oscilloscope to monitor stimuli before presentation to the owl and analogue 
signal from the electrode before conversion to analogue signal. 
j) Step motor controllable from outside the chamber by a controller to control 
the depth of penetration.  
 
2.3. Stimulation and recording 
Software called "Brainware" (Tucker Davis Technology, Gainesville, FL, USA) was 
used to present the stimuli, monitor and record the neuronal responses. Auditory stimuli were 
bursts of tones, broadband noises (0.1-20 KHz) or tones in noise with 100 ms duration and 5 
ms rise/fall. Stimuli were synthesized digitally on the AP2 card (System 2, TDT) (sampling 
rate 50 kHz), converted to analogue signals using (DA3, system2, TDT), low pass filtered 
below 20 kHz (FT6, system2, TDT), and after amplification (natural sound stereo amplifier-
AX 590, Yamaha Electronic, Europe) were presented via earphones (SONY MDR-E831LP). 
The sound level was controlled using programmable attenuators (PA4, TDT) before filtering. 
All stimuli were presented automatically by the Brainware. The presentation rate was one 
stimulus per second. Each stimulus was presented pseudo-randomly 10 times (in masking 
paradigms) or 5 times (for other purposes). When I refer to "signal" in the following I mean a 
best frequency pure tone, while the term "masker" stands for a broadband noise. I shall use 
these terms synonymously.  
Glass insulated tungsten electrodes were used for recording (FHC, Bowdoin, ME, 
USA). The analogue signal from the electrode tip was first amplified by a preamplifier then 
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again amplified by an amplifier with controllable gain. The signal was filtered by a bandpass 
filter (0.3 to 5 kHz) and converted to a digital signal by AD converter. The digital signal was 
processed to extract and record spike count, spike shape and spike timing for offline analysis. 
Single- or multi- units were isolated according to their spike wave forms. The activity of a 
neuron was recorded during a 400 ms prestimulus interval, a 100 ms stimulus interval and a 
500 poststimulus interval. The prestimulus interval was used to calculate the spontaneous 
activity.  
 
2.4. Calibration  
Sound spectra were measured using a Bruel & Kjaer ½ inch condenser microphone 
(Type 4188, Bruel & Kjaer, Nærum, Denmark) positioned about 2 mm from the earphones. In 
addition to reading the sound level from a sound level meter, the analogue output of 
microphone amplifier of the sound level meter (type 2236, Bruel & Kjaer) was recorded and 
the sound level was calculated at each frequency and attenuation in comparison to a reference 
signal which was produced by a standard calibrator. This recording also allowed us to 
calculate the signal-to-noise ratio in masking stimuli. 
 
2.5. Data collection  
For each neuron the following data was obtained: 1. Broadband noise bursts with 
varying ITDs were applied to measure ITD sensitivity of the neurons ("noise ITD function"). 
2. Broadband noise bursts with varying interaural level differences (ILD) were used to 
measure ILD sensitivity of the neurons ("ILD function"). 3. The frequency sensitivity of 
neurons was determined by using iso-level tone bursts optimized for ITD ("best delay" or BD) 
and ILD ("iso-level frequency response function"). 4. Binaural noise and best frequency tone 
rate-level functions (RLF) were measured, typically using optimized stimuli, but sometimes 
also using the least effective ITDs ("worst delay" or WD). 5. Masked rate-level functions 
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(mRLF): in which the noise level was kept constant, while the tone level varied from a level 
well below neuron's response threshold to a level that evoked the maximal spike rate in the 
neuron. The tone frequency was always set to neuron's best frequency. Three conditions were 
used in mRLFs: 5a) The ITD in both the tone and the noise were set to the best delay, leading 
to the NBDSBD condition. 5b) The ITD in the signal was set to a delay shifted 180 degrees in 
phase from the best delay, while ITD in the masker was set to the best delay, leading to the 
NBDSWD condition. 5c) NWDSBD: the ITD in the signal was set to the best delay, while the best 
delay noise was shifted 180 degrees in phase. Here I emphasize that this is different from 
changing the noise ITD. In the former case the phase remains constant while the ITD is 
different in different frequencies while in the later case the phase in different frequencies 
changes but ITD remains constant. For the data presented in chapter 3 I only used stimulus 
configurations 5a and 5b while the data presented in chapter 4 were obtained with all three 
stimulus configurations. 6) In some neurons, best-frequency tonal ITD response curves, or 
monaural RLFs were also measured. 
 
2.6. Data analysis  
2.6.1. Calculation of detection threshold using signal detection theory: All recordings 
were saved on a computer hard disc for offline analysis. To analyze mRLFs I applied signal 
detection theory for determining the detection threshold of the response to the signal. I 
followed closely the methods developed by Palmer and his collaborators (Jiang et al., 1997; 
Palmer et al. 1999; Palmer et al., 2000). Briefly, after three-point smoothing of both means 
and standard deviations in mRLFs, the mean of the responses to 10 repetitions of the 10 
stimuli with the lowest signal level was taken as mean response to noise (Rn), because the 
signal level was below the tone response threshold. The standard deviation of the responses to 
these stimuli was taken as standard deviation in responses to noise (SDn). Mean and standard 
deviation of the responses to ten repetitions at each signal level were taken as mean (Rn+s) and 
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standard deviation (SDn+s) to the signal in masker for all stimuli in mRLFs. By using these 
values, the index of separation (D) was calculated according to the following formula: 
)(*)(
)()(),(
snSDnSD
nRsnRsnnD +
−+=+ ,   (1) 
A D-value of zero means no discrimination while an infinite D-value means perfect 
discrimination. In this study D-values exceeding an absolute value of 1 were regarded as the 
criterion for the detection threshold of the signal. When the responses follow Gaussian 
statistics, this criterion is equivalent to 76 percent correct in two alternative forced choice 
experiments (Green and Swets, 1974; Sakitt, 1973; Jiang et al., 1997; Palmer et al. 1999; 
Palmer et al., 2000). If the increase in signal level (regardless of being SBD or SWD) caused the 
D value to exceed +1, the response was called positive (P response). If the increase in signal 
level caused the D value to decrease beyond –1, the response was called negative (N 
response). In some cases the D-value remained between -1 and 1. Theses cases were termed 0 
responses.  
The difference in detection threshold between NBDSBD and NBDSWD configurations 
represents the magnitude of the BMLD. If the detection threshold for NBDSWD or NWDSBD was 
lower than the detection threshold for NBDSBD the value of the BMLD was positive. 
Otherwise the BMLD was negative (Jiang et al., 1997; Palmer et al., 2000).  
 
2.6.2. Calculation of mutual information: I calculated the mutual information (MI) to 
measure the tightness of the relationship between stimuli (S) and responses (R) as random 
variables. MI between S and R, measured in bits, is a functional of their joint distribution p(s, 
r) and is calculated as: 
)()(
),(log),();( 2
, rpsp
rsprspRSI
rs
∑= ,   (2) 
where p(s) and p(r) are marginal distributions of stimulus and response, respectively (Cover 
and Thomas, 1991). The MI is zero for independent stimuli and responses and positive 
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otherwise. The MI is like other statistical tests but its privilege to the other statistical tests is 
that in the statistical tests, for example the chi-square test, while the null hypothesis has been 
rejected it is difficult to interpret the value of statistics. The MI is continuous and increases by 
increasing the tightness of the relationship between stimuli and response (similar to the D-
value, see above). The MI is the logarithm to the base 2 of the number of different stimuli 
classes that can be distinguished on the basis of the response.  
Due to data processing inequality any functional of the response (f(R)) like spike 
number or spike latency carries a lower amount of information than full spike train: 
I (f (R), S) < I (R, S),     (3) 
At best, the response functional f(R) can be as informative as response which is known 
"sufficient statistics" in classical statistical theory (Shervish, 1995): 
I (f (R), S) = I (R, S),    (4) 
To assess contribution of MI of response functionals to the MI of spike train I 
computed the amount of information carried by spike count and response onset relative to the 
MI for the spike train. Due to high dimensionality of response space and finite sampling, the 
calculation of true MI for full spike train for empirical data is practically impossible. It is only 
possible to estimate the MI. Estimations of MI for empirical data are accompanied by 
systematic errors. These result in a bias and tend to over- or under- estimate the true MI 
(Panzeri and Threves, 1996; Nelken et al, 2005). Different methods have been proposed to 
handle the MI estimation (Nelken et al., 2005).  
Here I closely followed the adaptive direct (AD) method which was developed by 
Nelken et al. (2005) to calculate MI for spike train. In the AD method the problem of the high 
dimensionality of the spike pattern is handled by binning of the response window. An increase 
in the binwidth causes a decrease in the response dimensionality and reduces the bias, but due 
to data processing inequality (formula 3) the increase in binwidth by itself is an information 
reduction step and results in under-estimation of the true MI. Therefore, there is an inherent 
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tradeoff between goals of preserving the true MI which needs a small binwidth and reducing 
the bias which needs a small number of bins (larger binwidth). In the AD method this problem 
is handled explicitly.  
A response window of 96 ms was selected and binned in 1 ms bins. Each bin was set 
to 1 if there was at least one spike and 0 otherwise. Then the MI was calculated for the binned 
response pattern with binwidths of 1, 2, 4, 8 ms original resolution. At each resolution, the 
AD method starts to compute a naive MI (including bias) (according to the formula2) and a 
bias correction (see below for calculation of the bias) for the original matrix (bins, stimuli) 
with the smallest binwidth. Then the matrix is reduced step-by-step by joining rows and 
columns which have smallest marginal probability, MI and bias are recomputed at each step. 
This results in a set of progressively smaller MI values and a corresponding set of decreasing 
bias values. The MI is estimated as the largest difference between MI and corresponding bias 
values.  
Bias calculation and correction is an important and complicated problem (Panzeri and 
Treves, 1996; Nelken et al., 2005). For infinite sampling (N→∞) individual (s, r) pairs are 
expected to occur with frequencies tending to match the underlying probabilities but for small 
finite samples (N) calculation of MI is biased, accompanied with under- or over-estimation. 
The bias is correlated to the number of possible stimuli and responses and the number of spike 
in trials. It was calculated as following: 
b = (m-1)*(n-1)/(2*(F)*log(2),   (5) 
where m and n are the rows and columns of the matrix (number of possible stimuli and 
responses) and the F is the number of filled bins in the matrix.  
Response onset was the first bin with at least one spike after stimulus start and spike 
count was the number of spikes in the whole 96 ms response window. Calculation of MI for 
spike count and spike latency was calculated similar to the spike train (according to the 
formula 2). 
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3. Neural correlates of signal detection in different subnuclei of the auditory 
midbrain of the barn owl (Tyto alba) 
 
In the barn owl's auditory pathway, nucleus laminaris (NL) is the first binaural station. 
It projects to the core of the central nucleus of inferior colliculus (ICCc). The neurons in the 
ICCc are narrowly tuned to frequency, tuned to ITD in a cyclic manner, weakly tuned to 
ILDs, and may be activated by monaural stimulation from both the contralateral and 
ispilateral ears (Fig. 3.1a, d, g, j, b, e, h, k, see also Moiseff et al., 1983; Wagner et al., 2002). 
The ICCc projects to the lateral shell of the ICC on the contralateral side (ICCls) (Takahashi 
et al., 1989). Neurons in the ICCls are still narrowly tuned to frequency, tuned to ITD in a 
cyclic manner, but are also tuned to ILD, are excited by stimulation from the contralateral ear, 
and are inhibited by stimulation from the ipsilateral ear (e.g. Takahashi et al., 1989; Adolphs, 
1993; Mazer, 1998; Wagner et al., 2002). Neurons of the ICCls from different frequency 
channels form an ITD array. These neurons collectively project to neurons in ICX thus 
endowing these neurons with a wide frequency tuning and with one dominant response peak 
in the ITD tuning curve. The neurons in ICX show bell-shaped ILD tuning curves (Fig. 1c, f, 
i, l, see also Moiseff et al., 1983; Wagner et al., 1987; Mazer, 1998). For the following 
analysis I separate the data into narrowband (ICC) and broadband (ICX) neurons. 
A total of 181 single- or multi-units were recorded in the auditory midbrain of 8 adult 
barn owls (Tyto alba). In 143 units masking recordings were done at a noise level which 
drove the unit 30-50% of its maximal rate. Seventy seven of these units were located in ICC, 
while 54 were located in ICX as judged by the physiological criteria outlined above. The 
location of 12 units remained unclear. Therefore I used the results from these units only when 
I pooled all data. In 38 units masking recordings were done at several noise levels to  
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Figure 3.1. General response properties of neurons in inferior colliculus. a-c) Noise ITD functions, d-f) noise 
ILD functions, g-i) iso-intensity frequency response functions, j-l) tone ITD functions, m-o) tone RLFs at best 
ITD and best ILD, and p-r) noise RLFs at best ITD and ILD. Left column: low frequency neuron from ICC-core, 
middle column: high frequency neuron from ICC-core, right column: high frequency neuron in ICX. Note that 
neurons in ICC-core don’t show side peak suppression in noise ITD functions but the neuron in ICX does. Tone 
ITD functions peaks are separated by the period of the tone frequency both in ICC and ICX neurons. The dashed 
lines in j-l indicate spontaneous activity. Inhibition of spontaneous activity at worst delays is clear in k and l. 
Arrows show stimulus parameters which have been used in masking recordings. The error bars indicate standard 
deviation.  
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study the effects of noise level on signal detection and BMLD. From these neurons 16 were in 
ICX and 22 in ICC. The best frequencies in our sample ranged from 0.4 to 9 KHz. Data from  
ICC covered both low and high frequencies, while data from ICX represent mainly high 
frequencies (best frequency (BF) in 80% of the neurons > 4 KHz). 
 
3.1. General response properties of IC neurons 
All neurons included in the study were tuned to ITD when noise (Fig. 3.1a-c) or tones 
at the best frequency (see arrows in Fig. 3.1g-i) were used as stimulus (Fig. 3.1j-l). The 
responses at the best ITD (see arrows in a-c) were strong and this ITD was used for further 
data collection. The responses at the least effective or "worst" ITDs were often suppressed 
below the spontaneous activity (Fig. 3.1j-l). The left column in Fig. 3.1 shows data from a low 
frequency neuron, while the middle column shows data from a high frequency neuron, both 
located in ICC; the right column shows data from a neuron located in ICX. The ICC neurons 
were weakly tuned to ILD (Fig. 3.1d, e), and narrowly tuned to frequency while the ICX 
neuron's tuning to ILD was bell-shaped and the frequency tuning was broad (Fig. 3.1g, h, i). 
The tone (Fig. 3.1m-o) and noise RLFs (Fig. 3.1p-r) taken at the best ITD (arrows in the 
respective plots) and best frequency (Fig. 3.1m-o, see arrows in g-i) were primary-like, with a 
dynamic range spanning some 15-35 dB. In the examples shown here, the responses to both 
tones and noise were strong.  
 
3.2. Responses of IC neurons to masking stimuli 
The responses to the tone in RLFs at the highest signal levels could be higher (Fig. 
3.1m, p), equal (Fig. 3.2a), or lower than the maximum responses to noise in RLFs (Fig. 3.2d, 
g, j). In masked rate versus level functions (mRLFs), the level of the noise was fixed at about 
30-50% of the maximal rate as determined from noise RLFs (Fig. 3.2a, d, g, j). The ITD of  
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Figure 3.2. Rate level functions. a, d, g, j) rate level functions (RLFs) of noise (solid lines) and tone (grey lines). 
All curves, apart from the tone curve in j), were recorded at the best ITD and the best ILD. The tone curve in j) 
was recorded at an ineffective ITD. b, e, h, k) masked RLFs for NBDSBD configuration (solid line). The grey 
curve shows the sum of response to masker and signal as shown in a, d, g, and j. c, f, i, l) D-value as a function 
of the signal-to-noise ratio. The horizontal dashed lines show the detection criterion (-1 or +1). Data in each row 
belongs to the same neuron. a, d, g) best delay signal and masker RLFs show an increase in response rate by 
increasing stimulus level. In noise RLF arrows show the level which is used in masking recordings. b, e, h) 
NBDSBD configuration mRLFs( solid lines) with increase, decrease or no change in neuron response by increasing 
the signal level. k) NBDSWD mRLF (solid line). The arrows indicated by "masker" show the response which is 
evoked by noise in the noise RLF, at the level which is used as masker in mRLFs, and the arrows named "signal" 
show the response in signal RLFs which corresponds to the highest signal level in mRLFs. The error bars 
indicate STD.  
 
the noise in the mRLF recording was set to the best ITD as measured from the noise ITD 
tuning curve, resulting in the NBD condition. The signal was either set to the best ITD (SBD) or 
to the worst ITD (SWD). The signal level was varied by 60 dB from well below the tonal 
detection threshold to above the saturation level. Thus, at low signal levels the response in the 
mRLFs was driven only by the masker (see arrows in Fig. 3.2b, e, h, k). A higher signal level 
may increase the response evoked by the constant noise level (Fig. 3.2b), may decrease it 
(Fig. 3.2e, k) or may not alter the spike rate evoked by the masker (noise response) (Fig. 
 21
3.2h). The judgment whether the signal influence was positive (Fig. 3.2 c), negative (Fig. 3.2 
f, l) or absent (Fig. 3.2i) was based on the D-value.  
The simplest case of an interaction between the two responses would be that the 
response in the mRLF is just the sum of the noise and tone responses in their respective RLFs. 
This is typically not the case, as demonstrated by the grey curves in Fig. 3.2b, e, h, k. Thus, 
the interaction between signal and noise is non-linear in almost all cases. Indeed, at the 
highest signal levels, the response in the mRLF curve was often close to the response of the 
signal alone in the signal RLF. This phenomenon is known as occlusion, i.e. the signal 
response "overwrites" the response to the noise (Fig. 3.2b, e, h, k).  This is also obvious from 
the regressions shown in Fig. 3.3. The occlusion hypothesis can explain 89% of the variance 
in the data (Fig. 3.3d), while the linear regression assuming that responses to noise and signal 
linearly sum to generate the responses to the masked signals can explain only 67% of the 
variability (Fig. 3.3c). The influence of the noise response is visible in the slope of the 
regression line in Fig. 3.3c. The slope is lower than unity (only 58% of unity) when the 
response of the noise was subtracted from the response of the signal at the highest signal level 
(Fig. 3.3c). This is tested in a still different way also in Fig. 3.3e: For this plot the response to 
the signal plus the response to noise is plotted on the x axis, while the response to masking 
stimulus at the highest signal level is plotted on the y axis. The regression line has a slope 
below unity (70% of unity), indicating an influence of the noise on the response. All these 
observations show sub-linearity of the responses to the masking stimuli, indicating occlusion. 
I performed the same analysis for the NBDSWD condition (Fig. 3.3f). I have not measured the 
RLF for the phase shifted signal in all neurons. In these cases, the response at the worst delay 
from the signal ITD functions was used as response to the signal. This was possible, because 
the signal ITD functions were measured at a level close to the saturating signal level in 
mRLFs. The influence of the noise on the response at the highest signal level in the NBDSWD 
is seen by a slope exceeding unity and a relatively weak correlation between the signal alone 
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and signal plus noise conditions (Fig. 3.3f). The inhibitory effect of the signal on the response 
of a unit to the masker is clear in the weak response of most of neurons.  
Figure 3.3. Correlation between responses in masked RLF and normal RLF. a) Response to NBDSBD with lowest 
signal level versus the response to noise in noise RLF at the level which was used in masking recordings 
(r2=0.79, p<<0.001, y=1.2 x +4). b) Response to NBDSWD with lowest signal level versus response to noise in 
noise RLF at the level which is used in masking recordings (r2=0.76, p<<0.001, y=1.2 x +10). c) Response to 
NBDSBD at the highest signal level in mRLF minus the response to noise in noise RLFs as a function of the  
response to the signal in signal RLF at the maximum signal level which is used in masking recordings (r2=0.67, 
p<<0.001, y=0.58 x –12). d) Response to NBDSBD at the highest signal level in mRLF versus the response to 
signal in signal RLF at the maximum signal level which is used in masking recordings (r2=0.89, p<<0.001, 
y=1.04 x + 23). e) Response to NBDSBD at highest signal level versus response to signal in signal RLF at the 
maximum signal level which is used in masking recordings plus response to noise in noise RLFs (r2=0.89, 
p<<0.001,y=0.7 x + 4). f) Response to NBDSWD at the highest signal level versus response to signal in the worst-
delay signal RLF at the maximum signal level which is used in masking recordings (r2=0.69, p<<0.001, y=1.58 x 
+ 16). In each plot circles represent data points, the solid line represents the regression line, and the dashed line 
shows the equality line. 
 
3.3. Distribution of responses to masked signals in IC 
In most of IC neurons the NBDSBD condition yielded a positive response (91 neurons, 
63.6%), while the NBDSWD condition yielded a negative response (125 neurons, 87.4%) (Fig. 
3.4a). When the units were split up according to location, more than 83% of the 77 neurons in 
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ICC had a positive response in the NBDSBD condition, while about the same percentage (78% 
out of 77 neurons) responded with an inhibition in the NBDSWD condition (Fig. 3.4b). In the 
ICX the picture was different: in all 54 units tested with the NBDSWD condition, the signal 
inhibited the noise response, while the NBDSBD produced positive (21 neurons, 38.9%), 
negative (12 neurons, 22.2%) or zero responses (21 neurons, 38.9%) (Fig. 3.4c).  
 
 
Figure 3.4. Distributions of single response types. Distribution of responses of neurons to NBDSBD and NBDSWD 
masking configurations in a) IC and in b) ICC and c) ICX separately. Slash: positive, hatched: negative, back 
slash: zero response types.  
 
3.4. Responses of neurons to combination of masking configurations 
The masking stimuli can produce a positive, negative or zero response irrespective of 
their configuration. Therefore, if the NBDSBD and the NBDSWD conditions are combined, a 
neuron can, in principle, produce 9 different response combinations or combination types: P-
P, P-N, P-0, N-P, N-N, N-0, 0-P, 0-N and 0-0. I did not observe the N-P, N-0, and 0-P 
combinations in our sample. The P-P, P-N, 0-N and N-N combinations were the most frequent 
(Figs. 3.5, 3.6). Few neurons showed P-0 (7 neurons, 4.9%) and 0-0 (only 1 unit, 0.7%) 
combination types (Fig. 3.7). D-value functions derived from responses of neurons to both 
NBDSBD and NBDSWD masking configurations are shown for the four most frequent response 
combinations (Fig. 3.5c, f, i, l).  
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Figure 3.5. Examples of BMLDs. a-c) P-N combination type unit from the high-frequency region of the ICC; d-
f) P-P combination type unit from ICC; g-i) N-N combination type unit from ICX; j-l) 0-N combination type unit 
from ICX. a, d, g, j) signal (grey line) and noise (black line) ITD functions. Arrows point to the ITDs that were 
used in masking recordings. b, e, h, k) signal (grey line) and noise (black line) RLFs. The arrow in each panel 
refers to the noise RLF and indicates the masker level which was used in masking recordings. c, f, i, l) the D-
value functions for NBDSBD (filled circles) and for NBDSWD (open circles) configuration. In a, d, g, j, the dashed 
lines show the spontaneous activity. In c, f, i, l, the horizontal dashed lines indicate the criterion used for the 
detection threshold (-1 and +1) and 0 and the vertical dashed lines show the detection thresholds. Combination 
type and the value of the BMLD are indicated in the insets. Spontaneous activity is indicated by the dashed lines 
in a, d, g, and j. The error bars indicate STD. 
 
P-N combination type 
This combination was most frequently observed in our sample (74 neurons, 51.7%; 
Figs. 3.5 top row, Fig. 3.6). In P-N neurons the response in the NBDSWD was inhibited when 
signal level was increased in the masking stimuli, while the response increased in the NBDSBD 
condition. The typical example depicted for this type exhibited a high response to both noise 
and tone (Fig. 3.5a, b). The RLF functions demonstrate about equal response strengths to 
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these two stimulus types (Fig. 3.5b). The least response in the ITD functions is zero spikes, 
well below spontaneous activity, indicating the presence of inhibition. The vigorously driven 
activity at the best ITD resulted in a positive response in the NBDSBD configuration, while the 
missing driven activity at the worst ITD produced a negative response in the NBDSWD 
condition. In P-N neurons the driven activity at the worst ITD could be equal, higher or lower 
than the spontaneous activity, while the driven activity at the worst ITD was always lower 
than the activity evoked by the masker. The BMLDs measured in P-N combination type units 
were widely distributed with a mean value of +4.4 dB (Fig. 6b). 
 
0-N combination type 
Thirty-two units (22.4%) exhibited this combination type, making it the most frequent 
apart from the P-N type. The addition of a signal at the best delay didn’t lead to a change in 
the response rate evoked by the noise in these neurons. In contrast a signal at the worst delay 
reduced the response evoked by the masker (Fig. 3.5l). The ITD tuning curves (Fig. 3.5j) and 
the RLFs (Fig. 3.5k) both typically exhibited a lower response to the tone than to the noise. 
The noise evoked a response that was close to the response driven by the tone at the highest 
level. The response at the worst ITD was close to zero, again indicating inhibition in almost 
all cases studied. A BMLD could not be measured in these units, because the D-value in the 
NBDSBD never exceeded the criterion for detection. One might say, however, that these 
neurons exhibited very large positive BMLDs (Fig. 6a). I tested this in a few neurons by using 
tones with higher levels and showed that if I use a very high signal level then the D-value met 
the criterion for detection. 
 
N-N combination type 
The third most frequent combination type was the N-N type (19 neurons, 13.3%). In 
these neurons, the responses in both the NBDSBD and NBDSWD were inhibited at high signal 
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levels. These neurons typically responded with a lower spike rate to the signal than to the 
noise, both in the ITD-tuning curve (Fig. 3.5g) and in the RLF (Fig. 3.5h). In Fig. 3.5i, the 
noise at the level used for the masking stimuli evoked a higher response than the tone at its 
highest level (see arrow in Fig. 3.5h). Although the response to the tone was low, ITD tuning 
was strong with an inhibition at the least effective ITDs. The responses at the highest signal 
levels were lower than the responses at the lowest signal levels in the mRLFs, indicating 
occlusion (Fig. 3.5i). The units with N-N response type show only positive BMLDs (mean 
value +20.9 dB, Fig. 6b). The BMLD in the N-N combination type units was higher than the 
BMLD in the P-N combination type units (one way ANOVA, Tukey-Kramer post hoc, 
p<<0.001). 
 
P-P combination type:  
Some units (10, 7%), showed positive responses to both masking configurations and 
hence a P-P response type (Fig. 3.5d-f). The difference to the P-N type is that in these neurons 
the response at the worst ITD was still higher than the spontaneous activity, indicating a weak 
or missing inhibition.  The response at the worst ITD was also higher than the response to the 
masker. All in all the ITD tuning of P-P type units was weak compared with that of P-N type 
units. This led to positive response not only in the NBDSBD, but also in the NBDSWD condition. 
However, this positive response occurred only at very high signal levels (Fig. 3.5f), leading to 
a large negative BMLD. Indeed, in all P-P neurons, the BMLD was either negative or close to 
zero (mean value –15.6 dB, Fig. 3.6b). BMLD in P-P type neurons was significantly lower 
than P-N type (one way ANOVA, Tukey-Kramer post hoc, p<<0.001).  
 
3.5. Response type distribution in ICC and ICX 
The distribution of combination types differed between ICC and ICX. In ICC most of 
the units exhibited the P-N combination type (48 neurons, 62.3%), while many other 
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combination types, although present, were rare (Fig. 3.7b). The situation was different in ICX. 
Since in this nucleus all responses in the NBDSWD were negative (Fig. 3.4b), only three 
combination types were expected: P-N, 0-N and N-N. These three combination types were 
 
 
Figure 3.6. Distributions of BMLDs. a) Distribution of BMLD in ICC (slash) and ICX neurons (horizontal lines). 
0-X means very big positive BMLD and is and X-0 means very big negative BMLD. b) Distribution of BMLD 
in neurons with different response types. Horizontal lines: P-N, slash: P-P, hatched : N-N. 
 
observed with similar frequencies (Fig. 3.7c). For both the P-N type and the 0-N type 21 units 
were counted (38.9%), while the N-N combination types occurred at a somewhat lower rate 
(12 units, 22.2%). In ICC, BMLD exhibited a wide distribution around zero. The mean 
BMLD for ICC neurons across the different response types (apart from the 0-X and X-0 
combination types) was 0.26 dB. In contrast, in ICX BMLDs were shifted toward positive 
values with the mean of 14.5 dB. In addition, in ICX many 0-X combination types existed. 
BMLDs in ICX were significantly higher than in ICC (Fig. 3.6a) (one way ANOVA, Tukey-
Kramer post hoc, p<<0.001). 
 
3.6. Signal-to-noise ratio (SNR) at the detection threshold of the signal 
One main issue tackled in this manuscript is the question whether there is a difference 
in the detection threshold in the ICC compared with the ICX. To test this, I calculated the 
SNR at the detection threshold in ICC and ICX with respect to the bandwidth of the 
respective neurons as determined from the half-maximal rate in the frequency-tuning curves. 
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Figure 3.7. Distributions of combination types. a) Data from all units. Distributions separated into b) ICC and c) 
ICX. 
 
Thus, in a narrowband neuron, the SNR at the detection threshold was derived from a 
narrower noise band than in a wideband neuron. This procedure was adopted to compensate 
for the different bandwidths in the ICC and ICX neurons. The SNR at the detection thresholds 
calculated in this way were lower for NBDSBD combination types in ICC neurons than in ICX 
neurons (Fig. 3.8a). The mean value of the SNR for ICC neurons was 7.5 dB, while the mean 
value of the SNR for ICX neurons was 17.5 dB (Table 1). This difference was significant (one 
way ANOVA, Tukey-Kramer posthoc, p<0.001). On the other hand, no difference in the SNR 
at the detection threshold was seen between ICC and ICX for the NBDSWD combination type 
(Fig. 3.8b, Table 1, one way ANOVA, p=0.27). Nevertheless, the neurons with the lowest  
 
 ICC ICX 
9 dB SPL 2.5 dB SPL RLF noise threshold 
P<<0.001 
(Test 1) 
P<0.001
(Test 2) P=0.3 (Test 1) 
RLF signal threshold -2.7 dB 
SPL  
P<0.05 
(Test 2)
1.19 dB SPL 
7.5 p<0.001 (Test 2) 17.5 SNR at detection threshold 
for NBDSBD p=0.70 (Test 1) p<4x10-5(Test 1) 
SNR at detection threshold 
for NBDSWD 6.6 p=0.27 (Test 
2) 
4.5 
Tests: 1) Wilcoxon matched pairs signed rank test, 2) ANOVA 
 
Table 1: Detection thresholds in ICC and ICX 
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thresholds were found to lie in ICC (Fig 3.8). Likewise, the SNR at the detection threshold in  
ICC neurons was not statistically different in the NBDSBD and NBDSWD condition (Wilcoxon 
matched pairs signed rank test, p>0.05), while the same test produced a significant difference 
for the equivalent comparison in ICX neurons (p<0.001). These differences in the SNR at the 
detection thresholds observed in the mRLFs resemble differences in detection thresholds in 
signal RLF functions, but not in noise RLF (Table 1). Detection threshold of tone is lower in 
ICC than ICX (one way ANOVA, Tukey-Kramer post hoc p<0.001) while detection threshold 
of noise in lower in ICX than ICC (one way ANOVA, Tukey-Kramer post hoc p<0.05). 
 
 
Figure 3.8. Distributions of signal-to-noise ratios in ICC and ICX. Signal to noise ratio at detection threshold for 
a) NBDSBD and b) NBDSWD in ICC (hatched) and ICX (slash). The signal-to-noise ratios (SNRs) were calculated 
according to frequency sensitivity of neurons(see text). 
 
The SNR at the detection threshold of the signal was also calculated for different 
response types. The SNR at the detection threshold for the signal in the NBDSBD configuration 
was significantly lower for the P responses than for the N response types (Fig 3.9a, one way 
ANOVA, Tukey-Kramer post hoc p<<0.001). For the NBDSWD configuration the SNR at the 
detection threshold was lower in the N response types than in the P response types (Fig. 3.9b, 
one way ANOVA, Tukey-Kramer post hoc, p<<0.001). 
 
3.7. Effects of noise level 
So far I have measured and analyzed neuronal responses to mRLFs at only one noise 
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Figure 3.9. Distributions of signal-to-noise ratios in different response types. Signal to noise ratio at detection 
threshold for P (slash) and N (hatched) response types in responses to the a) NBDSBD and b) NBDSWD 
configurations. 
 
level. I adjusted this level so as to drive the neurons at about 30-50% of their maximal firing 
rates. Response types in the mRLF and BMLD followed to some extent the relative response 
to noise and signal alone. To find out more about this relation, mRLFs of another sample of 
38 neurons were recorded at several different noise levels.  
In a neuron tested at three noise levels (Fig. 3.10a), occlusion was observed: the 
response in all mRLFs of the same configuration tended to converge at the same rate at high 
signal levels. As the noise level increased in this cell, detection threshold for the NBDSBD and 
NBDSWD configurations increased as well, but the increase was larger for NBDSBD 
configuration so that it led to a larger BMLD at higher noise levels (Fig. 3.10b). In all neurons 
except 3, an increase in the noise level led to an increase in detection threshold for NBDSBD 
configuration (Wilcoxon matched pairs signed rank test, n=38, p<0.001) (Fig. 3.11a). 
An increase in masker level also caused a shift from a positive to negative response 
type in 5 neurons from 16 neurons (31%) of ICX units. Such a shift happened only in 2 out of 
22 (10%) ICC units. In ICX positive response types were observed at lower noise levels while 
negative and zero response types were frequent at higher noise levels. Detection threshold in 
the NBDSWD increased by increasing the noise level (Wilcoxon matched pairs signed rank test, 
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Figure 3.10. Influence of noise level in an ICC neuron. Three noise levels were tested. a) mRLFs for NBDSBD 
(filled circles) and NBDSWD (open circles) configurations. Response to masker alone and signal at best delay 
(“signal BD”) and at worst delay ("signal WD") alone at the same levels in mRLFs are shown by arrows on the 
left and right sides of the figure, respectively. b) Detection threshold for NBDSBD (circles) and NBDSWD (squares) 
and BMLD (triangles)as a function of the relative noise level above neurons threshold. 
 
n=38, p<0.01) (Fig. 3.11b), but the slope was less steep than in the NBDSBD condition. All 
neurons except 2 in ICX showed a negative response type only at low noise levels in NBDSWD 
condition while in ICC 6 neurons showed a positive response type only at lower noise levels. 
The above observations (Fig. 3.11a, b) suggest that BMLD should increase with noise level,  
 
 
Figure 3.11. Influence of noise level in all 38 neurons. a) NBDSBD. b) NBDSWD.. c) BMLD. ICC: filled symbols; 
ICX: open symbols; triangles: P response type; circles: N response type. The responses of each neuron are 
connected by lines. 
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which was indeed the case (Wilcoxon matched pairs signed rank test, n=38, p<0.001) (Fig. 
3.11c).  
When the data were averaged and plotted as a function of the first lowest, second 
lowest, third lowest or highest noise level, the dependences on noise level became even 
clearer (Fig. 3.12). This x-axis was chosen instead of signal-to-noise ratio, because the 
detection thresholds of the neurons differed. The lowest noise level was always well below 
30% of the maximal response, while the highest noise level was always well above this 
criterion. As the noise level increased the mean of detection threshold for NBDSBD (Fig. 
3.12a), NBDSWD (Fig. 3.12b) and mean BMLD (Fig. 3.12c) increased both in ICC and ICX. At 
low noise levels the BMLD was close to 0 in ICC, and increased to some 10 dB for high noise 
levels (Fig. 3.12c). Fig 3.12 also clearly shows that the mean detection threshold is lower in 
ICC than ICX at all noise levels for NBDSBD configurations. 
 
 
 
Figure 3.12. Mean thresholds and BMLD. a) NBDSBD. b) NBDSWD. c) BMLD. ICC: circles; ICX: triangles. Error 
bars show SEM. For more information refer to the text (number of data points in ICC are 22, 8, 3, 22 and in ICX 
16, 4, 2, 16 for first to last levels respectively). 
 
 33
4. Neural mechanisms of masking release by inverting the masker in one 
ear in inferior colliculus of the barn owl (Tyto alba) 
 
To obtain this data, I recorded from a sample of 55 units in 4 barn owls. Forty-six 
were classified as single units, while 9 were classified as multi units. Masking recordings 
(mRLFs) were done at a noise level that drove the unit moderately (30-50% of its maximal 
noise response) for NBDSBS, NWDSBS and NBDSWD masking configurations in each neuron. In 
36 units masking recordings were done at several additional noise levels to study the effects 
of noise level on signal detection and BMLD.  
 
4.1. Contribution of noise and tone in driving IC neurons 
At low signal levels the responses in the mRLFs were due to the noise alone. 
Therefore, in the NBDSBD and NBDSWD configurations the responses were similar to the 
responses in noise RLF at the same level, but in NWDSBD configuration the response was very 
low and close to the response at the worst delay of the noise in the noise ITD tuning curves, 
and in many cases below spontaneous activity (Fig. 4.1a, c). At high signal levels the neurons 
were driven mainly by the signal so that in the NBDSBD and NWDSBD configurations the 
responses were close to the response to the signal at the same level in the signal RLF (Fig. 
4.1b, c), while in the NBDSWD configuration the response was close to the response at the 
signal's worst delay in the tone ITD curve, and in many cases below spontaneous activity. 
In the NBDSBD configuration the maximum response to the signal was higher than the 
response to the masker at the noise level used in many neurons, resulting in P responses (Fig. 
4.1c). In all N response types the maximum response to the signal was lower than response to 
the noise at the signal level used in the mRLF. In the NWDSBD configuration the response to 
the masker was always low and an increase in the signal level resulted in a P response (Fig. 
 34
4.1c). I tested the contribution of noise and tone in the three different configurations for all 
neurons. There was a strong correlation between the response at the highest signal level in  
Figure 4.1. Response profiles of an ICC neuron: a) ITD tuning curves for noise (black line) and best frequency 
tone (gray line). b). Rate-level-functions for noise (black line) and best frequency tone (gray line) show that the 
response to noise and tone is strong in ICC. The arrows show the values that are used in masking stimuli. c) 
mRLFs for three masking configurations. The NBD arrow shows the response to the noise in the noise RLF. SBD 
arrow shows the response to the signal in signal RLF and SWD arrow shows the response to the signal at worst 
delay. d) D value functions for three masking configurations. Horizontal dashed lines show D-value of ± 1 and 0. 
Vertical dashed lines show the detection threshold. BMLD produced by noise inversion is 7 dB and BMLD 
produced by tone inversion is 9 dB, as indicated by BMLD NWD and BMLD SWD, respectively. NBDSBD (square), 
NBDSWD (star) and NWDSBD (circle). 
 
NBDSBD (r2 = 0.72, y = 0.93x+30.5), and NWDSBD (r2 = 0.80, y = 0.99x+10) mRLFs to the 
response to the tone alone in the signal RLF at the same level (Fig. 4.2a, b). The regression 
lines had a slope close to one, but the y-offset was higher in the NBDSBD than the NWDSBD 
data. The response at highest signal level in NBDSWD mRLFs was correlated to the response at 
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signal worst delay (r2 = 0.79, y = 1.43x+7) (Fig. 4.2c). In this case most of data points were 
clustered around zero, and the resulting regression line should be considered cautiously. 
 
 
 
Figure 4.2. Correlation of response to signal in RLFs and mRLFs. Response to a) NBDSBD and b) NWDSBD 
masking configurations at the highest tone levels correlates to the response to the tone alone at the same level in 
the tone RLF. c) Response to NBDSWD masking configuration at the highest tone level correlates to the response 
at the tone worst delay in tone ITD function. The tone ITD functions were recorded close to the level which is 
used at highest signal level in masking recordings. 
 
4.2. Responses to masking stimuli 
There was a relationship between the distribution of response types to masking 
configurations and responses of neurons to tone and noise alone in ICC and ICX. In ICC 
neurons the response to the best delay tone was significantly higher than response to the 
masker (Wilcoxon matched pairs signed rank test, n=32, p<<0.001) and most of responses in 
the NBDSBD configuration were positive (Fig. 4.3a, 87.5% 28 neurons out of 32). The 
responses at the highest tone level were not statistically different from responses to the 
masker in our sample of ICX units. (Wilcoxon matched pairs signed rank test, n=23, p=0.23) 
and in response to the NBDSBD configuration, they produced positive (Fig. 4.3b, 60.9%, 14 
neurons out of 23), negative (26.1%, 6 neurons out of 23) or zero (13%, 3 neurons out of 23) 
responses. In the NWDSBD configuration increasing the tone level led to positive responses in 
all ICC and ICX neurons (Fig. 4.3a, b). These neurons responded weaker to the worst delay 
noise than to the best delay tone (in both ICC and ICX Wilcoxon matched pairs signed rank 
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test, n=55, p<<0.001). Most of ICC neurons (87.5% 28 neurons from 32) and all ICX neurons 
(100%, all 23 neurons) showed negative responses in the NBDSWD configuration (Fig. 4.3). In 
these neurons the response to the worst delay tone was typically weaker than the response to 
the masker (Wilcoxon matched pairs signed rank test, n=55, p<<0.001). 
 
 
Figure 4.3. Response type distribution to masking stimuli in a) ICC and b) ICX neurons. Slash: positive response 
type, dotted pattern: negative response type and hatched: zero response type. 
 
4.3. Signal detection and binaural masking  
I calculated the signal to noise ratio (SNR) at the detection threshold in ICC and ICX 
with respect to the width of their frequency tuning functions. The SNR at the detection 
thresholds calculated in this way were lower for the NBDSBD configuration in ICC neurons 
than in ICX neurons (23 neurons in ICX and 32 neurons in ICC, one way ANOVA, Tukey-
Kramer posthoc, p<0.001). On the other hand, no significant difference in the SNR at the 
detection threshold was seen between ICC and ICX for the NBDSWD configuration (23 neurons 
in ICX and 32 neurons in ICC, one way ANOVA, p=0.66) and for the NWDSBD configuration 
(Fig. 4.4, one way ANOVA, p=0.08). In ICC, the SNR at the detection threshold was not 
statistically different in the NBDSBD and NBDSWD conditions (Wilcoxon matched pairs signed 
rank test, p=0.3), indicating no significant BMLD (mean BMLD of 2.5 dB) by the inversion 
of tone, while there was a significant difference between the NBDSBD and NWDSBD 
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configurations, indicating a significant mean BMLD of 4 dB by the inversion of the noise (23 
neurons in ICX and 32 neurons in ICC, Wilcoxon matched pairs signed rank test, p<0.01). 
Likewise, in ICX the comparison of SNR at the detection threshold for the NBDSBD versus 
NWDSBD and NBDSWD configurations showed significant differences indicating positive 
BMLDs of 9.5 dB for both conditions (23 neurons in ICX and 32 neurons in ICC, Wilcoxon 
matched pairs signed rank test, in both conditions p<0.001). 
 
 
 
 
 
Figure 4.4. Signal-to-noise-Ratio at detection 
threshold in ICC (slash) and ICX (crosses). SNR 
are shown for NBDSBD, NWDSBD and NBDSWD 
masking configurations. 
4.4. Effects of noise level on neuronal responses to tone 
 In the previous sections ICC neurons showed a positive significant BMLD by the 
inversion of the noise but not by the inversion of the tone at relatively low noise levels. To 
find out more about the effects of the noise level on BMLD, mRLFs for different 
configurations were recorded at several noise levels in 36 neurons.  
The firing rate in all mRLFs of the NBDSBD and NWDSBD configurations tended to 
converge to the same rate at high signal levels and produced P responses while the responses 
in all mRLFs of the NBDSWB configuration converged to the same rate and produced N 
responses (Fig. 4.5a). However, at low noise levels the signal was more efficient in driving 
the units. The maximum responses in NWDSBD configuration were plotted against maximum 
responses in NBDSBD configuration for all neurons (Fig. 4.5b). The regression line was below 
 38
equality line indicating stronger response in NBDSBD configuration. This maximum response 
was significantly higher in NBDSBD than NWDSBD configuration (paired t-test, p<0.05). 
I pooled the data from all neurons to assess contribution of the noise and tone in 
driving the neurons. The response to masking stimuli with the highest signal level was 
correlated to the response to signal alone for different configurations with low and high noise  
 
 
Figure 4.5. Influence of noise level on mRLFs. a) mRLFs for NBDSBD (squares), NBDSWD (stars) and NBDSWD 
(circles) configurations at different noise levels. The arrows show the response to the signal alone SBD: signal at 
best delay, SWD: signal at worst delay. b) Correlation between maximum responses to NWDSBD (x-axis) versus 
maximum responses to NWDSBD (y-axis) configuration.  
 
levels. In NBDSBD and NBDSWD configurations increasing the noise level caused a decrease in 
regression coefficients (from r2=0.78 to r2=0.53 in the NBDSBD configuration and from r2=0.76 
to r2=0.49 in NBDSWD configuration) and an increase in the y-offset of the regression line, 
indicating more contribution of the noise (Fig. 4.6a, b, d, e), while in the NWDSBD 
configuration the regression line didn’t change a lot by increasing the noise level (Fig. 4.6c, 
f).  
 
4.5. Effect of noise level on detection threshold and BMLD 
The noise level affected the detection threshold differently in different masking 
configurations. In most of IC neurons, the detection threshold for NBDSDB (Fig. 4.7a), NBDSWD 
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(Fig. 4.7b), and NWDSBD configurations (Fig. 4.7c) at high noise levels was higher than 
detection threshold in mRLFs with low noise levels as indicated by the upward inclined lines. 
However, the difference in detection threshold between the lowest and highest noise levels 
was larger in the NBDSBD condition than the two other configurations as indicated by the 
 
 
Figure 4.6. Contribution of signal and masker in driving the neurons at low and high noise levels. Responses to 
NBDSBD at high tone level against response to the best delay tone alone for a) low and d) high noise levels. 
Responses to NBDSWD at high tone level against response to the tone at the worst delay for b) low and e) high 
noise levels. Responses to NWDSBD at high tone level against response to the best delay tone alone for c) low and 
f) high noise levels. Regression lines equations are: a) y = 0.86x + 33, b) y = 1.52x + 6, c) y = 0.89x + 21, d) y = 
0.78x + 44, e) y = 1.42x + 18 and f) y = 0.81x + 14. 
 
slopes of the lines (see also fig. 4.8 for mean values). This led to larger BMLDs, produced by 
inverting noise or tone, at higher noise levels (Fig. 4.7d). In some neurons, at low noise levels, 
the inversion of the tone produced negative BMLDs (smaller than -30 dB) but inversion of the 
noise didn’t produce such big negative BMLDs (biggest negative BMLD of -5 dB) (Fig. 4.7d, 
e).  
The mean of the detection threshold for different configurations and the mean of 
BMLD were calculated for masking recordings at the low noise levels, at moderate noise 
 40
levels and at high noise levels. These noise levels drove the units at the lowest third, middle 
third or highest third of their maximum rate in noise RLFs. The mean of the detection 
threshold at high noise level for NBDSBD (p<<0.001, n=20 in ICC and p<0.01 n= 16 in ICX) 
(Fig. 4.8a), NBDSWD (p<0.05, n=20 in ICC and p<0.01, n=16 in ICX) (Fig. 4.8b) and NWDSDB 
 
Figure 4.7. Effects of noise level on detection threshold and BMLD. Effect of noise level on detection threshold 
for a) NBDSBD, b) NBDSWD and c) NWDSBD configurations and effect of noise level on BMLD produced by 
inversion of d) tone and e) noise. Open symbols: ICX, filled symbols: ICC, triangles: P response type, circle: N 
response type, square: zero response types. In a and b the arrows indicate the units with lowest threshold in 
NBDSBD and NBDSWD configurations in ICC (see last paragraph of part 4.5).  
 
(p<0.0001, n=20 in ICC and p<0.01, n=16 in ICX) (Fig. 4.8c) was significantly higher than 
detection threshold at low noise level in both ICC and the ICX. However, this difference was 
bigger for NBDSBD than NWDSBD and NBDSWD and led to bigger BMLDs at higher noise levels 
(Fig. 4.8d, e). At low noise levels the BMLD resulting from tone inversion was –4.8 in ICC 
and 6.6 dB in ICX, and increased to some 11.6 dB and 24 dB at high noise levels (Fig. 4.8d) 
in ICC and ICX, respectively. The BMLD resulting from the inversion of the noise was about 
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1.5 dB and 8.3 dB at low noise levels and increased to 11.8 and 21.3 dB at high masker levels 
in ICC and ICX, respectively (Fig. 4.8e). The mean detection threshold is clearly lower in 
ICC than ICX at all noise levels for NBDSBD and NWDSDB configurations (Fig. 4.8a-c).  
 
 
Figure 4.8. Effects of noise level on the mean of detection thresholds and BMLD. Detection threshold as a 
function of noise level for a) NBDSBD, b) NBDSWD and c) NWDSBD configurations. Effects of noise levels on 
BMLD produced by inversion of d) tone and e) noise. Stars: ICC, circles: ICX. (for x axis labels see the text).  
 
So far I tested the coding of signal detection by mean threshold in an ensemble of 
neurons (Jiang et al., 1997 a, b; Palmer et al., 2000; Parker and Newsome, 1998). It's possible 
that single neurons with lowest threshold are relevant to behavior ("lower envelope principle", 
Parker and Newsome, 1998; Skottun et al, 2001; Shackleton et al., 2003). To test this 
hypothesis, detection thresholds for units with the lowest detection threshold in different 
configurations were compared to calculate BMLD. To determine the detection threshold in 
NBDSBD configuration in ICC, the detection threshold of ICC unit with the lowest threshold in 
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NBDSBD was taken as the detection threshold (see Fig. 4.7a). The detection threshold for the 
NBDSWD or NWDSBD configurations were determined in a similar way. The difference was 
taken as BMLD. The BMLD produced by noise and tone inversion is shown at low and high 
noise levels. In ICC the BMLD produced by tone inversion decreased from 10 to 3 by 
increasing the noise level and the BMLD produced by noise inversion increased from 1 to 1.5 
by increasing noise level. In ICX the BMLD produced by tone inversion increased from 3 to 
11 dB and the BMLD produced by noise inversion increased from 2 to 7 by increase in the 
noise level (Fig. 4.9a, b). 
 
 
Figure 4.9. BMLDs measured according to the lower envelope principle. BMLDs at low and noise levels 
produced by inverting a) tone or b) noise. Open circle: ICX,  filled circle: ICC. 
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5. Encoding stimulus properties in spike count and response onset in 
auditory midbrain of the barn owl (Tyto albal) 
 
Like many other electrophysiological studies so far I have considered spike count as 
the only parameter in the analysis. During this analysis I found that in many neurons spike 
pattern changes as a function of signal level in mRLFs. Using information theory (see 
Material and methods) I quantified the contribution of some reduced measures of the whole 
spike train, namely spike count and response latency in encoding signal level in IC neurons. 
Spike train in the sense used here refers to whole spike pattern recorded during stimulation. 
Spike count refers to the temporal average of the response from stimulus start to the stimulus 
end. Response latency (or response onset) refers to the first bin containing spike. 
I remind that calculation of true MI for finite samples is not possible and estimates of 
MI that I present here might suffer from under- or over-estimation due to sparse sampling. 
This chapter clearly shows a contribution of response onset in encoding stimuli. However, the 
results should be considered cautiously.  
A sample of 116 units, 73 multi and 43 single units, was analyzed. From these neurons 
65 were located in ICC and 43 were located in ICX, while the position of 8 neurons remained 
unclear. 
 
5.1. Response onset and spike count as potential codes 
As I discussed in the previous chapters spike count changed by increasing signal level 
in mRLFs in IC neurons. In many neurons an increase in signal level caused a change in 
response onset as well as spike pattern (Fig 5.1a, c). In some neurons the amount of 
information carried by spike count was larger than the information carried by response onset 
(Fig 5.1b) while in many others response onset was more informative than spike count (Fig. 
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Figure 5.1. Encoding of 
stimulus level in spike count 
and spike latency in two IC 
neurons. The left column 
shows the raster plots and the 
right column shows MI for full 
spike pattern (square), spike 
count (circle) and response 
onset (star) for the NBDSBD 
configuration. In the first 
neuron spike count is more 
informative than response onset 
(b). In another neuron the 
response onset is more 
informative than spike count 
(d).
 
5d). In some neurons spike count or spike latency were as informative as the full spike pattern 
(Fig. 5b, d).  
The spike count functions for some neurons (about 15 neurons) was nonmonotonic 
(e.g. first increased and then decreased, or first decreased and then increased that are not 
shown here) but the functions for response onset and spike train are all monotonic (only 
increases by increase in signal level).  
 
5.2. Contribution of response onset and spike count in coding auditory stimuli 
I analysed the data in ICC and ICX neurons to assess the contribution of spike count 
and response onset in carrying information about the acoustic stimuli. In ICC spike count and 
response onset contributed equally in carrying information about the acoustic stimuli (paired 
T-test, p=0.06, df = 125). Both spike count (paired T-test, p<<0.001, df = 125) and response 
onset (paired T-test, p<0.01, df = 122) transmitted less information than the full spike pattern 
(Fig. 5.2a). In ICX response onset contribute more than spike count in carrying information 
(paired T-test, p<<0.001, df = 84). The response onset is as informative as the full spike 
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pattern (paired T-test, p=0.2, df = 84), while spike count conveys significantly less 
information than full spike pattern (paired T-test, p<<0.001, df = 84) (Fig. 5.2b).  
 
 
Figure 5.2. Mean of information carried by spike train, spike count and spike latency in ICC (a) and ICX (b) 
neurons. The error bars show the standard error. (**: p<0.01, ***: p<0.001, ns: not significant)  
 
 
Figure 5.3 Distribution of MI for spike train and its functionals in a) ICC and in b) ICX. Symbols: star: MI fir 
spike count, circle: MI for response onset. X axes show the MI for full spike train. Y axes show the MI for spike 
count or response onset. Note that the MI is used here is between responses and the full stimulus set. 
 
The comparison of the MI for spike count and response onset in ICC compared with 
ICX shows that the MI for spike count in ICX is smaller than the MI for spike count than in 
ICC (ANOVA, p<0.01). On the other hand, the MI for the spike train and response onset are 
the same in ICC and ICX (ANOVA, p>0.05). 
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The contribution of response onset and spike count in transmission of information by 
the full spike pattern is different in ICC and ICX. In most of ICC neurons the response onset 
is almost as informative as the full spike pattern. In some neurons the spike count also 
transmits a considerable amount of information, while in others only a small portion of the 
information is transmitted by the spike count (Fig. 5.3a). In most of ICX neurons the response 
onset is as informative as the full spike pattern, while in many neurons spike count transmits a 
small amount of information only (less than 0.2 bit) (Fig. 5.3b). 
 
5.3. Response functionals as measures of signal detection 
The detection threshold for the NBDSBD configuration was determined for the MIs for 
spike train, spike count and response onset. The spike train had a lower detection threshold 
than response onset (paired T-test, p<0.01) but the detection threshold of the spike train was 
not lower than the detection threshold for spike count (paired T-test, p=0.08) (Fig. 5.4). 
 
 
Figure 5.4. Detection threshold 
for different measures of the 
neural response. Two times of 
standard deviation is taken as 
criterion for detection 
threshold. 
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6. Discussion and conclusion 
 
The data presented here examines neural correlates for both localization and detection 
in narrowband and wideband neural stations of the barn owl's midbrain. It was observed that 
detection in mRLFs take place at lower signal levels in narrowband neurons than in wideband 
neurons. Most of the effects seen with masking stimuli may be derived from observations in 
unmasked stimuli, if the spontaneous activity, the relative response strengths to noise and tone 
and the possible existence of inhibition, specifically at the least effective ITDs, is taken into 
account. In the following I shall discuss our findings with respect to concepts of excitation, 
inhibition and occlusion, detection and localization, and binaural masking level difference, 
pattern of activity in different configurations, BMLD produced by inverting noise. At the end 
I briefly discuss encoding of auditory stimuli in IC neurons by another functionals of the spike 
train, namely response onset. 
 
6.1. Excitation, inhibition and occlusion 
In IC neurons, typical responses grew in strength from threshold to saturation level 
when tone or noise RLFs were recorded at best delays. RLFs at worst delays also exhibited 
inhibition as indicated by a decrease of response strength below spontaneous activity when 
stimulus level was increased. Inhibition was frequently seen both in the frequency and in the 
ITD domain. Specifically, in many neurons the response at ineffective ITDs was suppressed 
below the spontaneous activity (see also Knudsen and Konishi 1978; Takahashi et al. 1984; 
Takahashi and Konishi, 1986; Fujita et al., 1991; Adolphs, 1993; Takahashi et al., 1989; 
Wagner, 1990; Wagner et al., 2002; Mazer, 1998). However, details vary between the ICC 
and the ICX, and, therefore, I shall discuss these two nuclei independently in the following. 
In general, ICC neurons respond to tones about as strong as they respond to noise. At a 
moderate masking noise level, increasing the tone level typically increased the activity of a 
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neuron in the NBDSBD configuration and produced a positive response type. The increase in 
the neuron's firing rate reached the response to the response to signal alone, but not the 
response to signal plus the response to noise, indicating occlusion. This became especially 
clear in the units tested with different noise levels. The simplest explanation for the occlusion 
would be saturation. However, saturation can not explain the negative response types in 
NBDSBD configuration and the effects seen in the NBDSWD condition. I speculate that in this 
condition the signal evokes a centre-surround inhibition (Knudsen and Konishi 1978) that 
causes an inhibition of the neurons moderately activated by the masker. Therefore, lateral 
inhibition, in both the frequency and ITD domains might explain occlusion in ICC. Similar 
observations have been made in the frog (Lin and Feng, 2003): spatial-unmasking patterns of 
single neurons in the frog inferior colliculus were affected significantly by application of 
bicuculline, a GABAA receptor antagonist. Interestingly, in some ICC neurons, even at the 
least effective ITD the activity was still high. These neurons were weakly tuned to ITD, and 
exhibited positive response types also in the NBDSWD. This positive response was only 
observed if the response at the worst delay in the signal ITD function was higher than the 
response level of the masker used in the mRLF. This observation was supported by the data 
obtained at different noise levels. In these cases positive responses to NBDSWD were observed 
only at very low noise levels which activate the unit less than the signal at the worst delay.  
ICX neurons receive their inputs from different frequency channels of an ITD array in 
ICC (Wagner et al. 1987). In general, activation of many frequency channels is necessary to 
strongly activate ICX neurons (Takahashi and Konishi, 1986). Response strengths in ICX 
neurons to the signal were variable. Some neurons exhibited a strong response, but many 
responded only moderately or weakly to tones. Since noise was a more effective stimulus for 
the activation of ICX neurons than tones, in the NBDSBD condition positive, negative and zero 
types were observed. In ICX neurons tested with different noise levels I observed that 
negative responses only occurred at high noise levels and positive responses at only low noise 
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levels. Thus, the relative response strengths to noise and tones explain well their responses to 
NBDSBD configuration. The inhibition in the NBDSWD conditions can be accounted for in the 
same way as in the ICC.  
In summary, the interaction of excitation, inhibition and occlusion was a powerful 
predictor for different response types. Typically, if the response to the signal was higher than 
the response to the noise, positive responses occurred; when the response to the signal was 
lower than the response to the noise at the masker level used, negative responses were 
observed. It may have to become obvious that a note of caution is necessary with respect to 
the response type. While these types (P, N, 0) are generally useful to describe a neuron’s 
response behavior in mRLFs at a given noise level (see Jiang et al., 1997), they are not an 
invariant neuronal property because the response type may change with noise level. 
 
6.2. Measures of detection and localization 
Localization is a wideband process including across-frequency integration. ICX is the 
nucleus where space-specific neurons are found that represent locations in space (Takahashi 
and Konishi, 1986; Wagner, 1993). Detection, on the other hand, doesn’t need integration 
across frequency channels (Culling and Summerfield, 1995; Akeroyd, 2004). ICC neurons 
exhibited a lower signal-to-noise ratio at detection threshold in the NBDSBD configuration than 
ICX neurons. Since neurons in ICC are narrowly tuned to frequency and since ICC is a 
hierarchically lower station than ICX, our data are consistent with the hypothesis just 
mentioned that signal detection is a narrowband phenomenon and happens in lower neuronal 
stations than localization. This is corroborated indirectly by behavioral experiments with tonal 
stimuli in which ICC and ICX neurons would respond similarly: barn owls make predictable 
localization mistakes, if stimulated with high-frequency tones (Saberi et al., 1999). The 
observation that detection is a narrowband phenomenon does not exclude that energy outside 
the critical band influences detection (Gilkey et. al., 1985; Bernstein, 1991; Isabelle and 
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Colburn, 1991; van der Par and Kohlrausch, 1999; Evilsizer et al, 2002; Zheng et. al, 2002), 
for example by lateral inhibition as observed here. In a recent monaural model, Carney et al. 
(2002) proposed frequency integration in signal detection. In this model the presence of the 
signal at high masker levels was coded mostly by a decrease in activity, while it was coded by 
an increase in activity at low masker levels. This is exactly what I observed in binaural 
neurons in ICX.  
 
6.3. Neural correlates for BMLD 
The first observations of neural correlates of BMLDs in the inferior colliculus of the 
guinea pig were published by Caird et al. (1991). These authors used changes in spike rates to 
assess the effect of a signal on the response to a noise. They measured the effect of release 
from masking at the best interaural delay of a neuron, similarly as I did here, and observed 
BMLDs very similar to the human psychophysical BMLDs. Later McAlpine et al. (1996), 
Jiang et al (1997), and Palmer et al. (2000) developed a protocol that allowed them to measure 
BMLD as it is measured in psychophysics: using N0S0 or N0Sπ instead of NBDSBD or NBDSWD, 
and again found results close to human BLMDs. In addition, these authors observed similar 
response types in low-frequency neurons of the IC as I did over the total frequency range. 
However, in their sample, the P-P combination type was more frequent than the P-N 
combination type. This may, in part, be due to their use of N0S0 and N0Sπ combinations, 
because in guinea pigs, the response maximum in the ITD curve typically occurred not at 0 
ITD (McAlpine et al., 2001), and, thus, the response minima are not found at an interaural 
phase of 180 degrees. The 0-N and N-N types were less frequent in their sample than in ours. 
Thus the responses in the guinea pig were more closely comparable with the responses I 
obtained from ICC than with our responses from ICX. This is also reflected in the wide 
distribution of BMLDs, although these authors observed more positive BMLDs than I did in 
ICC. BMLD in ICC increases to a mean of 10 dB at high masker levels in our study. Similar 
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to the situation in psychophysics the increase in BMLD with noise level was due to larger 
increase in detection threshold of NBDSBD than NBDSWD (for a review cf. Blauert, 1997). Since 
ICC neurons can produce BMLDs similar to what is observed in human psychophysics, ICC 
may be the source of psychophysically observed BMLDs. The values of BMLD we observed 
in ICC fit well to preliminary behavioral data with two barn owls. These birds exhibited 
BMLDs of about 4 dB and 9 dB, respectively, at 5 kHz (Endler, unpublished), a central 
frequency in our data from ICC. In this respect it might also be interesting to mention that 
localization is a supra-threshold phenomenon and precise localization is only possible 10-15 
dB above detection threshold (Sabin et al., 2005). This might indicate a "division of labor" 
between ICC and ICX. Higher threshold and wider frequency tuning of ICX neurons fits well 
with a function in localization (Wagner, 1993), while lower threshold and narrower frequency 
tuning of ICC neurons also suggest a specialization for detection. 
 
6.4. Pattern of activity in different configurations 
Here, I describe a model of inhibitory and excitatory interactions of responses to the 
tone and noise in both ITD and frequency domains in the IC according to the responses to 
different masking stimuli. Here I take the 0 ITD as the neuron’s best ITD and 5 kHz as the 
neuron’s best frequency. In mRLFs at low tone levels the response was only due to the noise. 
In NBDSBD and NBDSWD configurations the best delay noise activated moderately a column of 
neurons in ICC tuned to the noise delay and also columns of neurons away from the recording 
site by the period of frequency of the corresponding frequency band (Fig. 6.1a) In the NWDSBD 
configuration, the situation would be different. The noise evokes a spread of constant activity 
in neurons separated by half of a period from 0 ITD in all frequency layers and produces 
inhibition effect in the recording site which suppressed the spontaneous activity at low tone 
levels (Fig. 6.1c) (Wagner et al., 1987; Takahashi and Keller, 1994).  
 52
 
 
Figure 6.1. Pattern of activity 
produced by noise alone in the 
IC. Pattern of activation and 
inhibition produced in mRLFs 
at low signal levels in ICC (a 
and c) and ICX (b and d) by 
noise best delay (NBD) in 
NBDSBD and NBDSWD 
configurations (a and b) and by 
inverted noise in NWDSBD 
configuration(c and d). The 
best delay is 0 in this model. 
Red (+) areas are excitatory 
and green (-) areas are 
inhibitory. The ITD and 
frequencies cover the 
physiological range. The best 
delay is 0 µs and the best 
frequency is 5 kHz. The 
intensity of colors and the 
number of column of positive 
(+) or negative (-) symbols 
correlate to the strength of 
inhibitory or excitatory effect. 
In ICC best delay tone alone would evoke a focus of activity in the neurons tuned to 0 
ITD and in the neurons away from 0 ITD by the period of the tone in the same frequency. The 
best delay tone also inhibits the neurons separated by half of the tone period from 0 ITD. It 
also produces inhibition in neighboring frequency layers (Fig. 6.2a). The anti-phase tone 
would produce inhibition at the recording site and would evoke activity in the neurons tuned 
to the tone worst delay (Fig. 6.2d) (Wagner et al., 1987). 
Adding a best delay signal to the best delay noise in the NBDSBD masking condition 
caused an increase in activity of neurons tuned to the frequency of the tone at the same ITD 
column activated by the masker and caused inhibition in neighboring frequency and ITD 
domains (Fig. 6.3a), a consequence of center-surround inhibition (Knudsen and Konishi, 
1978). Therefore, at the recording site both the noise and the tone cause excitation. Adding a 
tone shifted by a phase of 180 degrees in the NBDSWD condition produced a focus of activity 
in neurons tuned to the tone frequency and the tone ITD which is away from the recording site 
by half the tone period (Fig. 6.3d) (Sulivan and Konishi, 1986; Jiang et al., 1997 a, b). Due to
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Figure 6.2. Pattern of activity 
produced by the best frequency 
tone in ICC and ICX. 
Responses of ICC (a) and ICX 
(b) neurons to the best delay 
tone. Responses of ICC (c) and 
ICX (d) neurons to inverted 
best delay tone. The frequency 
and ITD covers the 
physiological range. The tone 
effects are shown by colored 
circles. The inhibition between 
frequency channels are shown 
by colored ellipses. The 
inhibitory areas are shown in 
green (negative symbols) and 
excitatory areas are shown in 
red (positive symbols). The 
intensity of colors and the 
number of positive or negative 
columns correspond to the 
strength of inhibitory or 
excitatory effects. The best 
delay is 0 µs and the best 
frequency is 5 kHz.
 
the center-surround organization of the spatial receptive fields, the response evoked by the 
noise was inhibited and resulted in N responses. In the NWDSBD configuration increase in the 
tone level overwrote the noise inhibition, increased the activity and, eventually, resulted in P 
responses (Fig. 6.3f, g) (Knudsen and Konishi, 1978, Sulivan and Konishi, 1986).  
Psychophysical studies have shown that frequencies outside the critical band are 
important in masking (Isabelle and Colburn, 1990; Evilsizer et al., 2001). The data 
corroborates such an interaction: an inhibitory interaction of tone and noise in the frequency 
domain. This inhibitory interaction is supposed to produce the N type responses after 
integration across frequency channel in the next station, the ICX (Fig. 6.2c) (Wagner et al., 
1987; Takahashi et al., 1981; Wagner et al, 2002). 
In the NBDSBD and NBDSWD conditions an increase in masker level resulted in a 
decrease in correlation between response in mRLFs with highest tone levels and response in 
the tone RLFs. This shows larger contribution of noise. The increase in the contribution of 
noise was largest in the NBDSWD and smallest for the NWDSBD configurations. It might be due 
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Figure 6.3. Contribution of 
noise and tone in driving IC 
neurons. Pattern of activity 
produced at high tone levels in 
NBDSBD configuration in ICC 
(a) and ICX (b and c). In ICX 
the pattern of activity differs at 
low (b) and high (c) noise 
levels and, similar to our 
empirical data, produces 
increase or decrease in activity, 
respectively. Pattern of activity 
at high tone levels in NBDSWD 
in ICC (d) and ICX (e). The 
noise has an excitatory effect, 
but the tone causes inhibition. 
Pattern of activity at high tone 
level in NWDSBD configuration 
in ICC (f) and ICX (g). The 
noise has an inhibitory effect 
and the tone has an excitatory 
effect. 
The noise effects are shown by 
colored squares and the tone 
effects are shown by colored 
circles. The inhibition between 
frequency channels are shown 
by colored ellipses. The 
inhibitory areas are shown in 
green (negative symbols) and 
excitatory areas are shown in 
red (positive symbols). The 
intensity of color and the 
number of positive or negative 
columns correspond to the 
strength of inhibitory or 
excitatory effect. The best 
delay is 0 and the best 
frequency is 5 kHz.
 
 
to the fact that in the NBDSWD the focus of activity evoked by the signal is in a different 
position than the noise, and therefore, the noise evoked activity in the recording site more 
efficiently and can affect the response to the signal more efficiently (Jiang et al., 1997b). On 
the other hand, in the NWDSBD condition the focus of activity produced by the noise is far 
from the recording site and so its effect on the response to the signal is minimal. Due to center 
surround organization of neural receptive fields (Knudsen and Konishi, 1978) in both NBDSWD 
and NWDSBD configurations interaction between tone and noise is inhibitory and they suppress 
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each other. In NBDSBD configuration the effect of the noise on the response to the signal is less 
than NWDSBD and more than NBDSWD configuration because both tone and noise evoke 
activity at the same position, the recording site. 
In ICX the best delay noise (NBD) evokes a focus of activity at the recording site (Fig. 
6.1b), but the inverted best delay noise (NWD) produces a weaker and wider focus of activity 
separated by half a period of neurons best frequency from 0 ITD (Fig. 6.1d). The interaction 
in the ITD domain is mainly inhibitory between noise and tone in NWDSBD and NBDSWD 
configurations, due to the center-surround organization of receptive fields of neurons 
(Knudsen and Konishi, 1978). 
In ICX the tone would produce a focus of activation at the neurons tuned to the tone 
delay and also neurons separated by the tone period while, it inhibits the neurons separated by 
half of the tone period (Fig. 6.2b). The anti-phase tone produces activity at neurons separated 
by half of the tone period from the best delay (here 0 ITD) and produces inhibition at the 
recording site (Fig. 6.2d) (Takahashi et al, 1986).  
In NBDSBD configuration addition of a tone leads to inhibition from the frequency 
domain, which results in the N responses. At high signal levels the tone inhibited the 
neighboring frequencies and drove the neurons alone. Since at low masker levels, the 
response to the noise was smaller than the response to the tone, P response were observed, 
while at higher noise levels the response to the noise was larger than response to the tone, and 
consequently I observed N responses. These excitatory and inhibitory interactions in time and 
frequency domains can explain well the way that a neuron is driven only by a tone even to 
lower firing rates than the response rates to the masker, the occlusion. 
 
6.5. BMLD produced by noise inversion 
In the data I observed that ICC neurons had lower thresholds and might be responsible 
for detection. However, they didn’t show a behavioral relevant BMLD, by tone inversion, at 
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low noise levels. Noise inversion improved delectability in the same sample of neurons and at 
low noise levels, comparable to psychophysics.  
One explanation for the small values of BMLD at low noise levels may be that my 
technique for determining detection threshold in NBDSWD configuration is suboptimal. The 
detection threshold was not determined from the activity in the cluster of neurons that are 
responsible for detection of the phase shifted tone, which are far from the recording site (see 
above and Fig 6.3). Instead, the detection threshold was determined from inhibition in the 
neighboring neurons (neurons at the recording site). Other studies on mammals also 
commented that tones with different phases are detected by an increase in activity in different 
clusters of neurons (Jiang et al., 1997a, b). This slight failure in technique is compensated at 
higher noise levels by large BMLDs.  
In NBDSBD and NWDSBD configuration the signal evokes activity in the same cluster of 
neurons. Therefore, it is detected by the same cluster of neurons in both configurations. It is 
reasonable to compare the detection threshold of the signal by the same neurons for these both 
configurations and I observed positive mean BMLD even at low noise levels by noise 
inversion. 
In the NBDSBD both signal and noise have excitatory drive and masking happens due to 
this excitatory interaction (Fig. 6.3). However, inhibition from neighboring frequency 
channels might interfere and increase the detection threshold (Isabelle and Colburn, 1990; 
Evilsizer et al., 2001). In the NBDSWD and NWDSBD configurations the situation is different. 
The masker inhibits the cluster of neurons that responds to the signal. Increasing the noise 
level increases the masking threshold due to this inhibitory interaction. The increase in the 
detection threshold by increasing the noise level was larger for NBDSBD than for the two other 
configurations and led to larger BMLDs at higher masker levels, similar to psychophysics. 
The magnitude of mean BMLD reached about 12 dB by inverting the tone or the noise which 
is comparable to psychophysical observations in humans (Blauert, 1997) and the barn owl 
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(Endler et al., unpublished data). In ICX, both inversion of the tone and the noise produced 
positive BMLDs and BMLDs also increased with increasing the masker level, but as I 
mentioned earlier, these neurons have higher thresholds than ICC neurons.  
I showed that the mean of the detection thresholds seems to be relevant to behavioral 
signal detection and BMLD. This is consistent with the pooling theory of coding sensory 
stimuli which states that the average over a neuronal population corresponds to behavior 
(Palmer et al., 2000; Parker and Newsome, 1998; Bala and Takahashi, 2003). Another 
possibility is that according to lower envelope principle the neurons with lowest threshold are 
relevant to behavior (Skottun et al, 2001; Shackleton et al., 2003; see also Parker and 
Newsome, 1998). Our data shows that magnitude of mean BMLD and increase in mean 
detection thresholds and mean BMLD with increase in the noise level is more relevant to the 
behavioral data than BMLDs produced by neurons with lowest threshold. Therefore, the data 
supports the pooling theory for signal detection.  
 
6.6. Encoding of auditory stimuli in response onset 
In last part of the results, in chapter 5, I analyzed the responses of IC neurons to the 
NBDSBD configuration to figure out the encoding of signal level in response onset and spike 
count. With the exception of encoding of phase locking in the auditory system, so far most of 
studies have analyzed spike count, implicitly assuming that spike count is at least sufficient in 
encoding sensory stimuli. However, in recent studies, it has been realized that other 
functionals of the spike train are informative as well (e.g. for studies in the auditory system: 
Nelken et al, 2005; Young et al., 2006; Furkuwada and Middlebrooks, 2002; Jenison and 
Reale, 2003). Our data clearly shows that a considerable amount of information is coded in 
response onset. In most of neurons response latency is even more informative than spike 
count. In ICC both spike count and response onset are informative, while in most of ICX 
neurons response onset is more informative than spike count. This is consistent with other 
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studies that report that spike latency is more informative in auditory cortex of cat and ferret 
(Nelken et al, 2005; Young et al., 2006; Furkuwada and Middlebrooks, 2002).  
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7. Summary: 
 
Auditory detection and localization is important for animals and humans and crucial 
for barn owls. In natural environments, the spatial separation of signal and interfering noise 
improves detectability of the signal. In psychoacoustics experiments this is achieved by 
changing the spatial attributes of the sound, for example by shifting the phase of the tone or 
the noise in one ear. The improvement resulting from this shift was called “Binaural Masking 
Level Difference“ (BMLD). 
I recorded the activity of neurons in the central and external nuclei of the inferior 
colliculus (ICC and ICX, respectively) of the barn owl. These neurons are sensitive to a 
variation of the interaural delay. I tested three masking configurations: 1) the noise N and the 
tone S were set at the best interaural delays (BD), resulting in the NBDSBD configuration; 2) 
the noise was set at the best interaural delay but the tone was set at the best interaural delay 
with 180° phase shift, or the worst interaural delay (WD), resulting in the NBDSWD 
configuration, 3) the noise was set at the best interaural delay with 180° phase shift and the 
tone was set at the best delay (NWDSBD configuration). The noise level was held constant 
while the tone level was varied. The detection threshold was determined using the index of 
discrimination according to signal detection theory. 
BMLD is restricted to frequencies that allows conservation of time by phase locking 
(<3 kHz in mammals). In the owl phase locking is observed up to 9 kHz. Therefore, I 
expected BMLDs at higher frequencies than 3 kHz. In the first part of the study, I show 
exactly this.  
Due to distinct neural stations in the owl inferior colliculus, it was possible to address 
the hierarchy of detection and localization at the neuronal level. The ICC neurons are 
narrowly tuned to frequency and had lower detection thresholds than the ICX neurons. Since 
ICC neurons responded maximally to more than one ITD in their ITD function, they could not 
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signal a specific position in the space. Integration of many frequency channels from ICC 
neurons enables the ICX neurons to represent a specific position in space. I propose that there 
is a division of labor between ICC and ICX: detection happens at the level of the ICC, while 
correlates of localization are available at the level of ICX. This is consistent with 
psychophysical studies. 
In psychophysics, the inversion of tone or noise results in unmasking. I studied both 
unmasking scenarios. I measured responses of IC neurons to masking scenarios with a phase 
shift in tone and analyzed the firing rate of neurons to the masking stimuli, while in another 
experiment I shifted the phase of the noise. Inversion of tone resulted in a mean improvement 
of about 12 dB in detection threshold in ICC neurons . Inversion of noise led to 10 dB BMLD 
in these neurons. The BMLDs in ICX neurons were larger than those in ICC neurons. The 
results from the ICC neurons are comparable to psychophysical observations in humans.  
I also tested the effects of the noise level on BMLDs produced by tone or noise 
inversion. An increase in the noise level resulted in an increase in the magnitude of the 
BMLD. This result is again comparable to psychophysical observations in humans.  
The contribution of tone and noise in driving the neurons differs at different signal to 
noise ratios and is different at different masking configurations. At low tone levels the 
neurons were driven only by the noise while at high tone levels neurons were driven mainly 
by the tone, indicating occlusion. The contribution of the noise in driving the neurons was 
larger at higher noise levels.  
In the NBDSBD configuration the masking is the result of an excitatory interaction 
between noise and tone, while in NBDSWD and NWDSBD the interaction is inhibitory. 
During the analysis I observed changes in spike pattern (especially spike latency) by 
changing the tone level in masking stimuli. According to the information theory, I found that 
response onset transmits more information than the spike count. 
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11. List of Abbreviations 
 
BD: best delay 
BF: best frequency 
BMLD: binaural masking level difference 
CPE: cocktail party effect 
IC: inferior colliculus 
ICC: central nucleus of inferior colliculus 
ICCc: core of central nucleus of inferior colliculus 
ICCls: lateral shell of central nucleus of inferior colliculus 
ICX: external nucleus of inferior colliculus 
ILD: interaural level difference  
ITD: interaural time difference 
MI: mutual information 
mRLF: masked rate level function 
MSO: medial superior olive  
NL: nucleus laminaris 
NM: nucleus magnocellularis 
OT: optic tectum 
R: response  
RLF: rate level function 
S: stimulus 
SNR: signal to noise ratio 
WD: worst delay 
 
